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It is generally believed thatMiocene adakitic rocks in the Lhasa terrane (block) of Southern Tibet were derived
from a thickened lower crust, and that their compositions will therefore reflect the geochemical
characteristics of their lower-crustal source(s). Adakitic rocks in the western part of the Lhasa terrane
possess geochemical and Sr–Nd isotopic characteristics that are clearly different from those in the eastern part
of the Lhasa terrane; the former display a more enriched Nd–Sr isotopic signature together with an older
model age relative to the latter, suggesting that the compositions of the lower crust under the western and
eastern parts of the Lhasa terrane also differ. In addition, the adakitic rocks in the Himalayas on the southern
side of the Indus–Yalu suture (IYS) have similar geochemical characteristics and Sr–Nd isotopic compositions
to the adakitic rocks of the western Lhasa terrane, but differ from rocks in the eastern Lhasa terrane and from
igneous rocks derived from crust beneath the Himalayas. We suggest that the lower (and/or middle) crustal
materials beneath the western Lhasa terrane probably extend to the southern side of the IYS due to channel
flow. If mid-lower crustal flow has occurred below Southern Tibet, the southeastward-moving anatectic mid-
lower crustal material was probably derived from below the western part of the Lhasa terrane rather than the
eastern. Moreover, the emplacement ages of adakitic rocks from Mayum, on the southern side of the IYS,
imply that southeastward ductile flow of mid-lower crust beneath western Lhasa may have occurred as early
as 17 Ma.
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1. Introduction

Geophysical studies have revealed similar geophysical anomalies
in the mid-crust of the Lhasa terrane (block) and the Himalaya range
(Nelson et al., 1996; Unsworth et al., 2005), and a channel flowmodel
has been proposed to explain this phenomenon (Beaumont et al.,
2001, 2004, 2006; Clark and Royden, 2000; Hodges, 2006; Hodges et
al., 2001; Klemperer, 2006; Medvedev and Beaumont, 2006; Nelson et
al., 1996). Based on a study of the Kuday dykes emplaced on the south
side of the Indus–Yalu suture (IYS), King et al. (2007) proposed
southward ductile flow of Asian crust beneath Southern Tibet.
However, Harrison (2006) concluded that the southward flow was
limited in extent because of the absence of Gangdese arc material on
the south side of the IYS, and Leech (2008) suggested that the flow
was interrupted by the Karakoram Fault in the western Himalayas.
Therefore, the occurrence and nature of channel flow beneath
Southern Tibet remain topics of controversy.
Miocene adakitic rocks in Southern Tibet are thought to have
originated from a thickened lower crust (Cai et al., 2005; Chung et al.,
2003, 2009; Gao et al., 2007a; Guo et al., 2007; Hou et al., 2004; Jiang
et al., 2006), meaning that their compositions reflect the geochemical
characteristics of their lower crustal source(s). Here, we present new
geochemical data and Laser Ablation Inductively Coupled Plasma
Mass Spectrometry (LA-ICP-MS) U–Pb zircon age data for adakitic
rocks in the Lhasa terrane, which, when combined with previous
geochemical data, allows us to assess possible sources on both sides of
the IYS.

2. Background

The Tibetan Plateau is a tectonic collage of continental terranes or
blocks. From north to south, the interior of the Tibetan Plateau
comprises the roughly east–west-trending Songpan–Ganzi, Qiang-
tang, and Lhasa terranes (Dewey et al., 1988; Yin and Harrison, 2000).
The Lhasa terrane is bounded by the Bangong–Nujiang Suture (BNS)
to the north and the IYS to the south (Yin and Harrison, 2000) (Fig. 1).
It is generally accepted that the BNS formed during the Late Jurassic–
Middle Cretaceous (Yin and Harrison, 2000) and that the IYS formed
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Fig. 1.Map showing sample localities and the occurrence of adakitic rocks in the Gangdese belt of southern Tibet, after Guo et al. (2007) and Gao et al. (2007a). The localities are as
follows (from east to west): 1, Linzhi (Chung et al., 2003); 2, Jiama (Hou et al., 2004, the present study); 3, Qulong (Hou et al., 2004); 4, Lakang'e (Hou et al., 2004, the present study);
5, Nanmu (Hou et al., 2004); 6, Nemu (Hou et al., 2004, the present study); 7, Maquiang (Turner et al., 1996); 8, Xigaze (Chung et al., 2003); 9, Daggyaio Tso (Williams et al., 2004);
10, Manasarowar and Gegar (Miller et al., 1999); 11, Bangba (the present study); 12, Shiduo (Cai et al., 2005); 13, Shiquanhe (Guo et al., 2007); and 14, Ritu (Cai et al., 2005). The
adakitic rocks in the Tethyan Himalayan tectonic zone are as follows: 15 Mayum (Jiang et al., 2006) and 16 Kuday (King et al., 2007). Also shown are the locations of potassic and
ultrapotassic rocks. STD, Southern Tibetan Detachment; MCT, Main Central Thrust; MBT, Main Boundary Thrust; LHS, Lesser Himalayan Sequence; GHS, Greater Himalayan
Sequence; THS, Tethyan Himalayan Sequence.
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during the Late Cretaceous–Early Paleogene (Dewey et al., 1988). The
IYS marks the closure of the Tethys, and lies immediately south of an
extensive Andean-type calc-alkaline magmatic center (Linzizong
volcanics and Gangdese batholith) in the Lhasa terrane (e.g., Coulon
et al., 1986; Mo et al., 2008; Murphy et al., 1997; Scharer et al., 1984).
Since its collision with Asia at 50 Ma, the ongoing northward
movement of India has led to thickening of the Tibetan crust, which
is now twice the thickness of normal crust (Owens and Zandt, 1997;
Zhao and Nelson, 1993).

Volumetrically minor, post-collisional potassic–ultrapotassic rocks
and adakitic rocks are widely distributed in the Lhasa terrane, and
were produced at the end of subduction-related magmatism in
Southern Tibet (Fig. 1). Previous studies have shown that the adakitic
rocks are K-rich, forming a 1000-km-long belt oriented sub-parallel to
the IYS. The ages of the adakitic rocks range from 26.2 to 10 Ma (Cai et
al., 2005; Chung et al., 2003, 2009; Gao et al., 2007a; Guo et al., 2007;
Hou et al., 2004; Xu et al., 2010; this study), within the range of the
22.5–12 Ma ages obtained for potassic–ultrapotassic igneous rocks in
the Lhasa terrane (e.g., Ding et al., 2003; Gao et al., 2007b; Miller et al.,
1999; Nomade et al., 2004; Williams et al., 2001, 2004; Zhao et al.,
2009), except for the 26.2 Ma age of adakitic rocks in Linzhi (Chung et
al., 2003). Recently, Miocene adakitic dykes have been found on the
southern side of the IYS, including the Mayum and Kuday dykes (Jiang
et al., 2006; King et al., 2007) within the northern belt of the Tethyan
Himalayan tectonic zone. The data collected from outcrops of adakitic
rocks are presented in Fig. 1. To identify spatial differences in
geochemistry, adakitic rocks of the Lhasa terrane are divided into
eastern and western groups, either side of the longitude of
approximately 87°E (Fig. 1) (Guo et al., 2007; Hou et al., 2006; Xiao
et al., 2007; Zhao et al., 2006, 2009; Zhou and Murphy, 2005).

The adakitic rocks of the Lhasa terrane consist of small-volume
porphyries, dykes, plugs, and minor lava flows, which generally
display a typical porphyritic texture. In the eastern Lhasa terrane, all
the adakitic rocks occur as small intrusive bodies, consisting mainly of
granitic porophyry, monzonitic granite porphyry, and quartz mon-
zonitic porphyry. The main phenocryst phases (which make up 10%–
35% of the rock mass) are plagioclase, amphibole, alkali feldspar,
biotite, quartz, and minor clinopyroxene, with accessory zircon,
apatite, and Fe–Ti oxides. The groundmasses of these porphyries
consist mainly of plagioclase, alkali feldspar, biotite, quartz, zircon,
Fe–Ti oxides, titanite, apatite, and glass. The petrographic character-
istics of these adakitic rocks have been described by Hou et al. (2004),
Guo et al. (2007), and Gao et al. (2007a, 2007b). In the western Lhasa
terrane, the adakitic rocks occur as erupted lavas or small intrusive
bodies. These adakitic lavas have only been found in the western
Lhasa terrane; e.g., at Bangba, such lavas are vesicular and porphyritic.
Phenocrysts within the lavas include plagioclase, alkali feldspar, and
biotite; the groundmass is cryptocrystalline. The petrographic
characteristics of adakitic intrusive rocks in the western Lhasa terrane
are similar to those in the eastern Lhasa terrane.

3. Analytical techniques

All samples were cleaned of weathered surfaces prior to being
powdered in an agate ring mill for analyses of major and trace
elements, and Sr–Nd isotopes, performed at the Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS), Guangzhou,
China.

Major elements were measured using an X-ray fluorescence
spectrometer (XRF) on glass disks, following the analytical procedures
described by Goto and Tatsumi (1996). A 900 °C pre-ignitionwas used
to determine the loss on ignition (LOI) prior to major element
analyses. Analyses of Chinese standard reference materials (GSR-1,
GSR-2 and GSR-3) indicate that analytical uncertainties for major
elements were generally better than 5% (Appendix 1). Trace-element
data were obtained using inductively coupled plasma-mass spec-
trometry (ICP-MS) techniques, following the analytical procedures
described by Chen et al. (2010). The precision for rare earth elements
(REEs) and high field strength elements (HFSEs) is estimated to be 5%,
based on analyses of the USGS and Chinese standards BHVO-2, AGV-1,
GSR-1, and W-2 (Appendix 2).

Sr and Nd isotopic compositions were measured using a Micro-
mass Isoprobe multi-collector-inductively coupled plasma-mass
spectrometer (MC-ICP-MS) and a Triton Thermal Ionization Mass
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Spectrometry (TIMS) at GIGCAS. Analytical procedures for Sr and Nd
isotopes are described in detail by Li et al. (2004), Wei et al. (2002),
and Chen et al. (2010). The method of chemical separation of Sr and
Nd was similar to that described by Li and McCulloch (1998), Xu et al.
(2002), and Chen et al. (2010). Isotopic data for the samples from
Bangba were obtained using MC-ICP-MS; all the other samples were
analyzed using Triton TIMS. The 87Sr/86Sr value of the NBS987
standard and the 143Nd/144Nd value of the JNdi-1 standard were
0.710288±28 (2σ) and 0.512109±12 (2σ), respectively; fraction-
ation corrections of 146Nd/144Nd=0.7219 and 86Sr/88Sr=0.1194
were applied to all measured 143Nd/144Nd and 86Sr/88Sr values,
respectively.

Zircons for LA-ICP-MS U–Pb dating were extracted using conven-
tional heavy liquid and magnetic techniques, and individually
selected by hand-picking under a binocular microscope. They were
mounted in epoxy resin and polished for subsequent cathodolumi-
nescence (CL) observations and LA-ICP-MS analysis. Zircon U–Pb
analyses of samples from the Bangba, Nemu, and Jiama areas were
performed at the LA-ICP-MS Laboratory in the Department of Earth
and Planetary Sciences, Macquarie University, Australia. Analytical
procedures followed those described by Griffin et al. (2002) and Xu et
al. (2003) for zircon analysis using LA-ICP-MS.

4. Age data and geochemistry

4.1. Chronology

LA-ICP-MS zircon U–Pb data (Appendix 3) shown in Fig. 2. The CL
images of zircon show regular oscillatory magmatic zoning with no
resorption cores; Th/U ratios range from 0.12 to 2.14. These ratios are
Fig. 2. LA-ICP-MS U–Pb concordia diagram for samp
higher than those of metamorphic zircons, which generally yield
values of b0.1; however, they are consistent with values obtained for
magmatic zircons (Williams et al., 1996).

The results of LA-ICP-MSzirconU–Pbanalyses for three samples from
theNemuand Jiama areas in the eastern Lhasa terrane (NM03-01, JM03-
05, and JM03-06) and one sample from the Bangba area in the western
Lhasa terrane (07BB-03) are shown on a concordia plot in Fig. 2. The
8 analyses for sample NM03-01, 10 analyses for sample JM03-05, 10
analyses for sample JM03-06, and17analyses for sample 07BB-03define
single age populationswith aweightedmean 206Pb/238U ages of 12.75±
0.19 Ma (2σ) (MSWD=1.20), 15.50±0.14 Ma (2σ) (MSWD=0.71),
15.46±0.20 Ma (2σ) (MSWD=1.9), and 17.01±0.23 Ma (2σ)
(MSWD=2.0), respectively (Fig. 2). These results are consistent with
the age data reported by Chung et al. (2003) and Hou et al. (2004).

4.2. Major and trace element geochemistry

The major and trace element data obtained for igneous rocks from
thewestern and eastern parts of the Lhasa terrane (Table 1), as well as
previously published data from both sides of the IYS (Fig. 1), show a
calc-alkaline and high-K series affinity in the SiO2 vs. Na2O+K2O
(TAS) plot (Fig. 3) and on the K2O vs. SiO2 plot (Fig. 4). In major-
element Harker diagrams (Fig. 5), the samples from western Lhasa
have relatively high CaO, Fe2O3, MgO and TiO2 concentrations, and
similar Al2O3 and Na2O concentrations to those from the eastern Lhasa
terrane. The adakitic samples on the south side of the IYS have similar
characteristics to those from the western Lhasa terrane.

Chondrite-normalized REE patterns for all samples (Fig. 6a) show
clear fractionation between light REEs (LREEs) and heavy REEs
(HREEs); no significant negative Eu anomalies are found. The samples
les NM03-01, JM03-05, JM03-06, and 07BB-03.
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Table 1
Major (wt.%) and trace element (ppm) concentrations for adakitic rocks of the southern Lhasa terrane.

Sample 07BB-02 07BB-03 07BB-04 07BB-06 07BB-07 NM03-1 NM03-2 NM03-3 NM03-4 JM03-4 JM03-5 LKE03-02

Location Bangba Nemu Jiama Lakang'e

Western of Lhasa Eastern of Lhasa

SiO2 63.38 62.34 62.28 69.44 68.10 72.46 69.99 67.36 66.95 70.42 68.95 69.95
TiO2 0.89 0.88 0.90 0.64 0.56 0.24 0.35 0.29 0.47 0.38 0.60 0.51
Al2O3 16.65 15.89 16.30 14.38 17.28 14.04 14.63 15.80 16.78 15.76 15.53 15.53
Fe2O3 5.20 5.50 5.48 3.14 2.22 1.66 3.24 4.60 3.42 1.80 1.31 2.49
MnO 0.05 0.05 0.05 0.03 0.03 0.01 0.02 0.02 0.01 0.02 0.02 0.04
MgO 1.65 2.30 2.26 0.99 1.39 0.40 0.99 1.05 1.28 0.89 1.19 1.73
CaO 3.54 4.14 4.08 2.12 1.54 0.56 1.33 1.30 0.69 4.42 1.07 0.91
Na2O 3.19 3.29 3.17 3.32 2.11 3.92 3.79 3.85 4.68 1.68 4.50 3.71
K2O 3.60 3.84 3.71 4.41 5.34 4.00 3.50 3.71 3.07 3.27 5.19 3.86
P2O5 0.28 0.33 0.37 0.30 0.12 0.05 0.05 0.05 0.04 0.08 0.02 0.02
LOI 1.50 1.23 1.25 0.97 1.32 1.90 1.50 1.74 2.99 1.08 1.39 1.33
Total 99.92 99.80 99.86 99.74 99.99 99.24 99.39 99.77 100.38 99.80 99.77 100.07
Sc 12.06 13.02 14.16 6.05 1.38 2.71 3.58 3.40 1.92 5.07 5.19
V 122 114.7 122 66.68 35.53 63.66 41.67 65.63 48.91 63.96 68.18
Cr 77.72 72.37 77.10 29.77 28.79 18.46 25.12 16.77 15.77 35.61 64.48
Co 14.31 16.28 16.14 6.59 4.06 4.34 8.15 7.65 5.90 3.56 7.12
Ni 39.78 45.85 40.89 15.91 8.15 9.99 12.86 9.77 8.79 14.96 30.17
Rb 127 142 147 217 132 117 133 143 143 252 97.87
Ba 1795 1752 1907 1472 705 731 670 696 490 661 1085
Th 18.78 21.34 21.35 46.21 8.09 5.93 8.98 7.78 16.99 12.56 9.34
U 3.28 3.72 3.33 10.17 2.59 1.73 1.89 2.86 4.32 5.29 3.66
Nb 8.96 8.66 8.73 10.95 4.45 3.47 3.65 3.30 5.71 5.67 4.68
Ta 0.60 0.57 0.58 0.80 0.30 0.26 0.31 0.23 0.49 0.40 0.35
La 42.53 48.62 53.62 36.72 12.92 14.18 8.52 12.20 25.60 29.18 11.03
Ce 85.68 102 112 75.42 24.77 28.09 16.98 25.88 47.71 56.64 22.26
Pb 36.55 34.76 36.48 44.17 15.95 19.69 22.00 9.57 24.43 12.69 16.84
Pr 11.20 12.75 13.69 10.15 3.54 3.33 2.05 3.27 5.55 6.94 2.63
Sr 1030 1239 1283 586 337 641 579 658 360 330 715
Nd 43.21 50.28 52.84 41.76 12.90 12.03 7.46 12.50 18.99 24.67 9.35
Zr 231 227 230 171 84.30 90.04 96.10 110 104 130 123
Hf 6.97 6.63 6.87 5.42 2.49 2.51 2.72 2.90 3.13 3.58 3.63
Sm 7.53 8.75 9.04 8.33 2.15 1.78 1.22 2.25 2.94 3.82 1.50
Eu 1.84 2.07 2.14 1.55 0.40 0.43 0.29 0.52 0.81 0.82 0.27
Gd 5.21 6.12 6.15 5.30 1.27 1.06 0.72 1.39 1.70 2.20 0.94
Tb 0.60 0.75 0.71 0.62 0.16 0.14 0.10 0.18 0.23 0.27 0.13
Dy 2.93 3.65 3.42 2.84 0.72 0.69 0.54 0.88 1.17 1.29 0.72
Y 13.02 17.47 15.51 12.53 3.77 3.60 3.05 4.28 6.37 5.96 3.77
Ho 0.50 0.64 0.58 0.45 0.13 0.13 0.11 0.16 0.22 0.21 0.14
Er 1.28 1.69 1.47 1.22 0.35 0.36 0.31 0.43 0.59 0.57 0.38
Tm 0.18 0.21 0.20 0.17 0.05 0.05 0.05 0.07 0.09 0.09 0.07
Yb 1.07 1.39 1.28 1.06 0.39 0.39 0.40 0.50 0.67 0.59 0.49
Lu 0.17 0.22 0.20 0.16 0.07 0.07 0.08 0.08 0.12 0.10 0.09

Fig. 3. TAS diagram showing data for adakitic rocks from Southern Tibet (from Le Bas et
al., 1986). Data sources are as in Fig. 1. Rock types are indicated by letters, as follows: B,
basalt; O1, basaltic andesite; O2, andesite; O3, dacite; R, rhyolite; S1, trachybasalt; S2,
basaltic trachyandesite; S3, trachyandesite; T, trachyte; U2, phonotephrite; U3,
tephriphonolite; Ph, phonolite.

Fig. 4. SiO2 vs. K2O diagram for adakitic rocks in Southern Tibet (data sources and
symbols are as in Figs. 1 and 3).
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Fig. 5. Harker diagrams of major element concentrations vs. SiO2 for adakitic rocks in Southern Tibet (data sources and symbols are as in Figs. 1 and 3).
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from the western Lhasa terrane have higher REE concentrations than
those from the eastern Lhasa terrane; and the samples on the south
side of the IYS have similar patterns to those from the western Lhasa
terrane.

A primitive mantle-normalized trace-element spider diagram for
all samples (Fig. 6b) shows strong enrichment in large ion lithophile
elements (LILEs) (e.g., Rb, Th, and U) relative to the HFSEs, and
pronounced negative Nb–Ta–Ti anomalies. Compared with the
samples of the eastern Lhasa terrane, those from the western Lhasa
terrane have higher concentrations of trace elements, including Sr, Zr,
La, Y, and Yb (Figs. 6b and 7), similar to the samples from the south
side of the IYS.

4.3. Sr–Nd isotope geochemistry

The Sr–Nd isotopic data (Table 2), combined with previously
published data from both sides of the IYS, show that the samples from
thewestern Lhasa terrane are clearly different to those from the eastern
Lhasa terrane; i.e., the former generally show lower εNd (T) values
(−4.97 to −10.58) (Fig. 8) than the latter (−3.52 to 5.52, except for
−6.18 in one sample). Therefore, samples from the western Lhasa
terrane show an enriched Sr–Nd isotopic signature relative to those
from the eastern Lhasa terrane. The isotopic signature of the samples
from the western Lhasa terrane is considered to be analogous to that of
samples from the south side of the IYS (Jiang et al., 2006; King et al.,
2007) (except for one Mayum sample with εNd (T)=3.53).

4.4. Characteristics of adakitic rocks

The major and trace element data for igneous rocks from both
sides of the IYS display adakitic compositional affinities. They are
intermediate to acidic in composition (SiO2≥59 wt.%), and have high
Al2O3 (14–19 wt.%) and low MgO (b3.0 wt.%). These characteristics,
combined with high Sr/Y, high LREE/HREE ratios, low HREEs contents,

image of Fig.�5


Fig. 6. Chondrite-normalized REE (a) and multi-element patterns normalized to primitive mantle (b) for adakitic rocks in Southern Tibet. Normalizing values are from Sun and
McDonough (1989). Data sources are as in Fig. 1.
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depleted HFSEs, and the lack of an obvious negative Eu anomaly, are
distinctive features of adakites in subduction-zone settings (Defant
and Drummond, 1990; Kay et al., 1993) (Fig. 9). These geochemical
features are consistent with a magmatic origin from partial melting of
garnet and rutile-bearing mafic source rocks (Xiong et al., 2005),
which existed in the lower part of the collision-thickened Tibetan
crust (Chung et al., 2003, 2009; Guo et al., 2007; Hou et al., 2004).

5. Discussion

5.1. Origin of the adakitic rocks: partial melting of lower crust

Three models commonly invoked to explain the genesis of adakitic
rocks are slab melting, assimilation and fractional crystallization
(AFC), and the melting of delaminated lower crust. However, none of
these models appears to provide a tenable explanation for the genesis
of the adakitic rocks of Southern Tibet. First, the Miocene adakitic
rocks in Southern Tibet are found in the interior of a continent setting,
which is inconsistent with a simple model of slab melting in an arc
setting (Guo et al., 2007). Second, although these adakitic rocks are
spatially and temporally associated with ultrapotassic rocks, they
have Sr–Nd isotope compositions that distinguish them from the
ultrapotassic rocks, suggesting an origin incompatible with the AFC
model of ultrapotassic magma generation (Gao et al., 2007a, 2007b;
Guo et al., 2007). Third, most adakitic rocks in Southern Tibet have
relatively low contents of Cr, Ni, and other compatible elements,
which is inconsistent with a model of melting involving delaminated
lower crust (Xu et al., 2002).

Chung et al. (2003), Hou et al. (2004), and Guo et al. (2007)
proposed that adakitic rocks in Southern Tibet were produced by
partial melting of a thickened lower crust. The present data for
adakitic rocks are consistent with the geochemical and Sr–Nd isotope
characteristics of adakitic rocks derived from a lower crust source(s),
as documented in previous studies. Therefore, we support the idea
that the Miocene adakitic rocks were formed by partial melting of
lower crust beneath Southern Tibet.

5.2. Compositional differences between the lower crust beneath west and
east Lhasa

As mentioned above, the Miocene adakitic rocks display high Sr/Y,
high LREE/HREE ratios, depleted HFSEs, and an absence of obviously
negative Eu anomalies, indicating that the adakitic groups in both the
western and eastern Lhasa terranes were the products of partial
melting of thickened mafic lower crust (Chung et al., 2003, 2009; Guo
et al., 2007; Hou et al., 2004). However, the geochemistry of adakitic
rocks in the eastern Lhasa terrane is different from that of adakitic
rocks in the western Lhasa terrane; this difference is seen for major
and trace element concentrations and ratios (Figs. 5, 6, 7, and 9),
suggesting that both crustal sources were heterogeneous. Most
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Fig. 7. Plots of SiO2 vs. trace element concentrations, and Y vs. Yb for adakitic rocks in Southern Tibet (data sources and symbols are as in Figs. 1 and 3).

934 J.-L. Chen et al. / Lithos 125 (2011) 928–939
importantly, the adakitic rocks in the western Lhasa terrane have
much lower εNd (T) values (−5 to −10) and older Nd model ages
(TDM=1.1–1.8 Ga, average value: 1.4 Ga) compared with the eastern
Lhasa terrane (εNd (T)=5.5 to −3.5 (except for one value of −6.2);
TDM=0.3–1.0 Ga, average value: 0.71 Ga) (Figs. 8 and 10a), indicating
that the lower crust beneath the western Lhasa terrane is older and
enriched relative to that under the eastern Lhasa terrane.

Considering that the ultrapotassic lavas which are temporally and
spatially associated with the adakitic rocks are only exposed west of
longitude 87°E, whereas potassic lavas are exposed both east and west
of this longitude (Zhao et al., 2006, 2009) (Fig. 1), Guo et al. (2007)
suggested that the different geochemical and Sr–Nd isotope composi-
tions of adakitic rocks in the eastern andwestern Lhasa terranes are the
Table 2
Results of Sr–Nd isotope analyses of adakitic rocks in the southern Lhasa terrane.

Sample 07BB-04 NM03-1 NM03-2 NM03

Age (Ma)a 17.01 12.8

Rb (ppm) 147 132 117 133
Sr (ppm) 1283 337 641 579
87Rb/86Sr 0.33059 1.13390 0.52766 0.66
87Sr/86Sr 0.708019 0.705457 0.705256 0.70
2σ 0.000013 0.000006 0.000005 0.00
(87Sr/86Sr)i 0.707920 0.705216 0.705144 0.70
Sm (ppm) 9.04 2.15 1.78 1.22
Nd (ppm) 52.84 12.90 12.03 7.46
147Sm/144Nd 0.10343 0.10085 0.08950 0.09
2σ 0.000011 0.000006 0.000005 0.00
(143Nd/144Nd)i 0.512349 0.512584 0.512594 0.51
εNd(T) −5.11 −0.67 −0.47 −0.65
TDM(Ga) 1.09 0.75 0.67 0.75

a Age data for adakitic rocks at Bangba, Nemu, and Jiama are from this study; age data fo
result of mixing between ultrapotassic magmas and lower crustal melts
beneath theLhasa terrane. Accordingly, the adakitic rocks in thewestern
Lhasa terrane should display higher K2O and K2O/Na2O values than
those fromthe eastern Lhasa terrane (Gaoet al., 2010), corresponding to
other transitional characteristics, such as K2O concentrations and older
Nd model ages between the Miocene ultrapotassic rocks and the
adakitic rocks in western Lhasa. However, these regional characteristics
are not seen (Figs. 4, and 10a). In addition, the adakitic rocks in the
western Lhasa terrane show no evidence of compositional mixing in a
plot of 87Sr/86Sr(i) vs. 1000/Sr (Fig. 10b).

Xu et al. (2010) proposed that adakiticmagmas in the Lhasa terrane
were produced bymixing betweenmelt derived from subducted Indian
mafic lower crust in the Himalaya terrane and ultrapotassic lava in the
-3 NM03-4 JM03-4 JM03-5 LKE03-2

15.5 13.4

143 143 252 97.87
658 360 330 715

692 0.62912 1.14478 2.21314 0.39624
5364 0.705214 0.708828 0.707260 0.705603
0006 0.000007 0.000005 0.000005 0.000006
5122 0.705102 0.708584 0.706788 0.705528

2.25 2.94 3.82 1.50
12.50 18.99 24.67 9.35

885 0.10887 0.09347 0.09361 0.09702
0004 0.000005 0.000005 0.000006 0.00006
2586 0.512621 0.512562 0.512434 0.512604

0.05 −1.11 −3.61 −0.33
0.64 0.74 0.90 0.71

r adakitic rocks at Lakang'e are from Qu et al. (2003).
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Fig. 8. 87Sr/86Sr(i) vs. εNd(T) diagram for adakitic rocks and other rocks in Southern
Tibet. Data sources are as follows: mafic dykes and Linzizong volcanic rocks are from
Mo et al. (2008) and Yue and Ding (2006); Yarlung MORB is from Miller et al. (2003),
Mahoney et al. (1998), Xu and Castillo (2004), and Zhang et al. (2005); lower crust in
the western Lhasa terrane is from Miller et al. (1999); Shoshonitic dykes are from Zhao
et al. (2009); adakites related to slabmelting are from Kay (1978), Kay et al. (1993), and
Stern and Kilian (1996); Early Cretaceous granite and rhyolites in the western Lhasa
terrane are from Zhu et al. (2009); Northern Himalayan gneiss and granites are from
Zhang et al. (2004); High Himalayan Crystalline Series is fromHarris et al. (1988);mafic
granulite in the east Himalayan syntaxis is from Xu et al. (2010) (other data sources and
symbols are as in Figs. 1 and 3).

Fig. 9. (a) Sr/Y vs. Y plots after Drummond and Defant (1990) and Martin (1986), and
(b) LaN/YbN vs. YbN after Defant and Drummond (1990) and Petford and Atherton
(1996), showing the fields for adakite and arc intermediate-felsic rock. Data sources are
as follows: Linzizong volcanics and the Gangdese batholith are from Zhang (1996),
Jiang et al. (1999), Song (1999), and Wu et al. (2005); K-rich magmatic rocks are from
Miller et al. (1999), Williams et al. (2001, 2004), Ding et al. (2003), Nomade et al.
(2004), and Gao et al. (2007b) (other data sources are as in Figs. 1 and 3).
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Lhasa terrane, which is similar to the concept proposed by Zhao et al.
(2009). However, this idea is inconsistentwith someof the geochemical
characteristics of the adakitic rocks in the Lhasa terrane. First, while the
adakitic lavas in the Lhasa terrane were erupted alone or with
ultrapotassic and potassic lavas, they have different Sr–Nd isotope
compositions to the ultrapotassic and potassic rocks (Chung et al., 2003;
Guo et al., 2007; Hou et al., 2004; Miller et al., 1999; Zhao et al., 2009),
which implies that they have different sources. Second, as discussed
above, some adakitic rocks, such as those in the western Lhasa terrane,
do not show these mixing characteristics. Third, Xu et al. (2010)
reported that the melting of mafic granulites in the Himalaya terrane
results in relatively lowK2O concentrations,which are inconsistentwith
the high K2O content of adakitic rocks in the Lhasa terrane. In addition,
based on the Sr–Nd isotope composition of adakitic rocks in the Lhasa
terrane, Gao et al. (2010) considered that the mafic granulite in the
Himalaya terrane is unlikely to be a non-radiogenic end-member for the
mixing array in the Sr–Nd plot. Finally, the adakitic rocks in the Lhasa
terrane have different Sr–Nd isotopic characteristics to the gneiss and
granites of the North Himalayan (Zhang et al., 2004) and High
Himalayan Crystalline Series (Harris et al., 1988), which have
anomalously enriched Sr–Nd isotopic compositions relative to the
adakitic rocks (Fig. 8). These results suggest that the crust beneath the
Himalayan area was not the source of the adakitic rocks in the Lhasa
terrane.

The geochemical differences between the adakitic rocks in the
western and eastern Lhasa terranes are unlikely to have been caused
by mixing between ultrapotassic magma and melt from the lower
crust below the Lhasa terrane, or with mafic lower crust of the
subducted Indian Plate (Xu et al., 2010; Zhao et al., 2009). On the
other hand, these distinctive geochemical characteristics of the
adakitic rocks in the western and eastern Lhasa terranes probably
indicate compositional heterogeneities in the lower crust within this
region. Moreover, the adakitic rocks in western Lhasa show Sr–Nd
isotope values and Nd model ages that are similar to those of Early
Cretaceous (110±3 Ma) granites and rhyolites (TDM=1.2–1.5 Ga) in
the central Lhasa subterrane (Zhu et al., 2009), which are considered
to be the ancient basement of a micro-continental block that extends
E–Wfor N700 km (82°E–89°E) (Zhu et al., 2009). This interpretation is
consistent with the existence of a systematic compositional difference
between the western and eastern parts of the lower crust beneath the
Lhasa terrane (Hou et al., 2006; Zhao et al., 2009).
5.3. Origin of adakitic rocks on the south side of the IYS

Miocene adakitic rocks in Southern Tibet were previously thought
to be exposed only in the Lhasa terrane, but adakitic rocks have
recently been identified at two locations in the Himalayas. Jiang et al.
(2006) reported the Mayum adakitic porphyry in the Himalayas on
the southern side of the IYS. Subsequently, King et al. (2007)
described the Miocene Kuday dykes on the southern side of the IYS,
which are also depleted in HREEs and have high Sr/Y ratios, similar to
the adakites. Chung et al. (2009) suggested that the Kuday dykes were
derived from the lower crust. As discussed above, the Kuday and
Mayum rocks have geochemical characteristics similar to the adakitic

image of Fig.�8
image of Fig.�9


Fig. 10. Plots of TDM (Ga) vs. K2O (a) and 1000/Sr vs.87Sr/86Sr(i) (b) for adakitic rocks in
Southern Tibet. Data for Miocene ultrapotassic rocks in the Lhasa terrane are from
Miller et al. (1999), Williams et al. (2004), Gao et al. (2007b), and Zhao et al. (2009).
Other data sources and symbols are as in Figs. 1 and 3.
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rocks in the Lhasa terrane (Figs. 5–9), indicating that they too may
have been generated by partial melting of a thickened lower crust.

It remains unclear how the Miocene Kuday and Mayum adakitic
rocks were formed and why they occur south of the IYS. One
possibility is that they were derived directly from lower crust beneath
the Tethyan Himalayan area. However, as shown in Fig. 8, the Kuday
and Mayum adakitic rocks display different Sr–Nd isotopic charac-
teristics to gneiss and granites of the North Himalayan (Zhang et al.,
2004) and High Himalayan Crystalline Series (Harris et al., 1988),
which have anomalously enriched Sr–Nd isotopic compositions
relative to the adakitic rocks, suggesting that the crust beneath the
Himalayan area was not the source for the Kuday andMayum adakitic
rocks (King et al., 2007).

King et al. (2007) suggested that the Kuday dykes were produced
by partial melting of Asian crustal material that had been moved
southward by ductile flow, from below the eastern part of the Lhasa
terrane to a new position beneath the Tethyan Himalayas. However,
the adakitic rocks from the eastern Lhasa terrane and the Kuday
adakitic rocks have contrasting trace element and Sr–Nd isotopes,
indicating that the eastern Lhasa crust was not themagmatic source of
the Kuday adakitic rocks. On the other hand, the Kuday and Mayum
adakitic rocks have similar trace element and Sr–Nd isotope
characteristics to those of the adakitic rocks, and to lower-crustal
xenoliths (Miller et al., 1999) and Early Cretaceous (110±3 Ma)
granites and rhyolites (Zhu et al., 2009) from the western Lhasa
terrane (Figs. 6–9), indicating that both may share a geochemically
identical source. Moreover, the adakitic rocks from the southern side
of the IYS yield Nd model ages (TDM=1.0–1.3 Ga, except for one
Mayum sample, which yields 0.5 Ga) similar to those of the adakitic
rocks (TDM=1.1–1.8 Ga) and Early Cretaceous granites and rhyolites
(TDM=1.2–1.5 Ga) in the western Lhasa terrane, also supporting the
proposal that all these rocks were derived from the same crustal
source.

5.4. Southeastward ductile flow of the mid-lower crust beneath western
Lhasa

Geophysical studies have shown that the middle crust below the
Lhasa terrane and the High Himalaya range share some similar
anomalies, including the bright spots in Southern Tibet among
present-day plutons in the middle crust, which are analogous to the
Miocene leucogranite plutons exposed farther south in the High
Himalaya range (e.g., Chen et al., 1996; Gaillard et al., 2004; Nelson et
al., 1996; Unsworth et al., 2005). A model of channel flow in the
middle crust has been proposed to explain these phenomena
(Beaumont et al., 2001, 2004, 2006; Hodges, 2006; Hodges et al.,
2001; Medvedev and Beaumont, 2006; Nelson et al., 1996; Unsworth
et al., 2005). Subsequently, King et al. (2007) proposed that the Kuday
dykes are the result of partial melting of the Asian plate where it
extends south of the IYS as a mid-crustal ductile channel structure
beneath Southern Tibet. However, as mentioned above, the Kuday
dykes have an adakitic affinity, indicating a source in the lower crust.
In addition, the Mayum adakitic rocks (Jiang et al., 2006) were also
derived from a lower-crust source at depths greater than 50 km. The
geochemical characteristics of adakitic rocks on the south side of the
IYS are similar to those of adakitic rocks from the western Lhasa
terrane, but different to those from the eastern Lhasa terrane,
suggesting that crustal material beneath the eastern Lhasa terrane
did not flow southwards below the Himalayas.

Although previous geophysical observations (e.g., Nelson et al.,
1996) and the results of geodynamic modeling (e.g., Beaumont et al.,
2001, 2006) suggest that channel flow may occur at depths of 20–
30 km beneath southern Tibet (i.e., mid-crustal levels), other recent
studies suggest that channel flowmay also occur in the lower crust, as
indicated by widespread high-conductivity layers in the mid-lower
crust (e.g., Jin et al., 2010;Wei et al., 2010), a pronounced low-velocity
channel that extends from 30 to 70 km depth in the mid-lower crust
(e.g., Cotte et al., 1999), and the fact that earthquakes are absent at
depths of 30–65 km beneath the Lhasa terrane (e.g., Chen and Yang,
2004; Jackson 2002a, 2002b; Jackson et al., 2004). These findings
imply that mid-lower crustal material beneath Southern Tibet is
ductile and therefore may take place ductile flow. Moreover, the
widespread occurrence of Miocene ultrapotassic and adakitic rocks in
the Lhasa terrane, interpreted as melts of metasomatized lithospheric
mantle and mafic lower crust, respectively (e.g., Chung et al., 2003,
2005; Williams et al., 2001; Zhao et al., 2009), indicates that Miocene
lower crust and lithospheric mantle beneath Southern Tibet were hot
and contained melts, which would have favored channel flow within
the lower crust.

Combining all the data on the geochemical characteristics of the
adakitic rocks on both sides of the IYS, we conclude that the lower
crust (and/or middle crust) of the western Lhasa terrane probably
extended to the southern side of the IYS via southeastward flow of
anatectic mid-lower crustal material along a ductile channel structure
during the Miocene (Fig. 11). The geochronological data from high-
grade metamorphic and intrusive rocks in the Greater Himalayan
Sequence (GHS) beneath and along the Southern Tibetan Detachment
System (STDS) indicate that channel flow in the middle crust was
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Fig. 11. Suggested directions of middle/lower-crustal channel flow in Southern Tibet, based on Klemperer (2006). STD, Southern Tibetan Detachment; MCT, Main Central Thrust;
MBT, Main Boundary Thrust; LHS, Lesser Himalayan Sequence; GHS, Greater Himalayan Sequence; THS, Tethyan Himalayan Sequence.
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already in progress by the Early Miocene (e.g., Murphy and Harrison,
1999; Sealer et al., 2003). However, the timing of the onset of
southward ductile flow under the Lhasa terrane is unknown, even
though this is crucial for characterizing the geodynamic evolution of
Southern Tibet. King et al. (2007) suggested that the timing of onset of
the southward ductile flow of the Asian material was 12–9 Ma.
However, theMayum adakitic rocks south of the IYSwere emplaced at
about 17 Ma (Jiang et al., 2006), which suggests that the onset of
southeastward ductile flow beneath the western Lhasa terrane may
have occurred as early as 17 Ma.

Although Harrison (2006) thought that there exists insufficient
evidence for a channel flow of partially molten crust from beneath the
Tibetan Plateau during the formation of the Himalayas, the model of
crustal channel flow (Beaumont et al., 2001, 2004) is consistent with
many observed features of the Himalayan–Tibetan system. For
example, geophysical studies have shown that the partially molten
middle crust is being extruded southward below Southern Tibet on
the south side of the IYS (Nelson et al., 1996; Unsworth et al., 2005),
which demonstrates the existence of crustal channel flow beneath
Southern Tibet. On the other hand, extensive crustal channel flow
beneath the Himalaya area seems unlikely, because of the occurrence
of the north-dipping rigid and cold Indian craton, as well as the
Karakoram fault that interrupted possible channel flow processes in
the western Himalaya (Leech, 2008). Therefore, we suggest that
southeastward ductile flow in the mid-lower crust was localized,
probably limited to the area immediately south of the IYS. As a result,
adakitic rocks are less common on the south side of the IYS than in the
southern part of the Lhasa terrane.

6. Conclusions

(1) The geochemical characteristics of Miocene adakitic rocks in
the western part of the Lhasa terrane differ from those in the
eastern part, indicating contrasting compositions and ages of
the lower crust beneath the western and eastern Lhasa
terranes.

(2) Miocene adakitic rocks within the Himalayas on the southern
side of the IYS have similar geochemical characteristics to those
in the western Lhasa terrane, indicating that the adakitic rocks
in both areas have a common lower-crustal source.
(3) The occurrence of Miocene adakitic rocks on the southern side
of the IYS indicates that mid-lower crust material from beneath
the western Lhasa terrane probably extended to beneath the
Himalayas via southeastward ductile flow in the mid-lower
crust.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.lithos.2011.05.006.
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